Parkinson's disease is a chronic neurodegenerative disorder characterized by the loss of dopamine neurons in the substantia nigra, decreased striatal dopamine levels, and consequent extrapyramidal motor dysfunction. We now report that minocycline, a semisynthetic tetracycline, recently shown to have neuroprotective effects in animal models of stroke͞ischemic injury and Huntington's disease, prevents nigrostriatal dopaminergic neurodegeneration in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine ( 
P
arkinson's disease is a common neurodegenerative disorder characterized by a progressive loss of dopaminergic neurons in the substantia nigra. The loss of dopaminergic afferents from the substantia nigra to the striatum and putamen results in extrapyramidal motor dysfunction, including tremor, rigidity, and bradykinesia (1) . The signs and symptoms of Parkinson's disease can be treated with drugs that increase or enhance dopamine function, but these drugs fail to alter disease progression and most produce undesirable side effects, like motor fluctuations and dyskinesias (2) . Several neurotoxins induce Parkinson's-like neuropathology in animals, including the neurotoxins 6-hydroxydopamine and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (3) . MPTP selectively destroys dopamine neurons in the substantia nigra, resulting in a Parkinson's-like syndrome in many species, including humans, monkeys, and mice (4, 5) . After parenteral administration, MPTP readily enters the brain and is metabolized by astroglia to 1-methyl-4-phenylpyridinium (MPP ϩ ) (6) . MPP ϩ is a substrate of the dopamine transporter and is concentrated in nigral dopamine neurons where it inhibits complex I of the mitochondrial electron transport chain, resulting in ATP depletion and subsequent cell death (6) . This proposed mechanism of MPTP toxicity implies that dopamine neurons per se are the direct cellular targets of MPTP's neurotoxic action.
Recently, however, an important role for glial activation in MPTP neurotoxicity has been suggested by two observations. First, MPTP administration to mice results in a robust gliosis in the substantia nigra pars compacta (SNpc), which is accompanied by up-regulation of inducible NO synthase (iNOS) (7) . Second, mice lacking the iNOS or neuronal NO synthase (nNOS) genes are relatively resistant to MPTP toxicity of dopamine neurons compared with wild-type littermates (7) (8) (9) (10) (11) . Importantly, however, iNOS-deficient mice still manifest a marked reduction in striatal monoamine levels comparable to wild-type controls after MPTP administration (7, 11) . These data, coupled with the demonstration that iNOS expression is up-regulated in the substantia nigra of Parkinson's patients, but not from age-matched controls (12) , suggest that glial activation and the resulting release of NO (and perhaps other glial-derived neurotoxic substances) may contribute to the chronic neurodegenerative state that characterizes Parkinson's disease.
Minocycline is a semisynthetic second-generation tetracycline that exerts anti-inflammatory effects that are completely separate and distinct from its antimicrobial action (13) . Clinical studies have shown that minocycline, and related tetracyclines, have beneficial anti-inflammatory activity and appear to be useful for treating both rheumatoid arthritis and osteoarthritis (14) . Tetracyclines, like minocycline, have been reported to have a number of biological and pharmacological actions including an ability to inhibit matrix metalloproteases, superoxide production from neutrophils, and most recently, iNOS expression in human cartilage and murine macrophages (15) (16) (17) . Minocycline, one of the more brain penetrable of the tetracyclines, has recently been shown to have neuroprotective effects in models of global and focal ischemia (18, 19) . The minocycline-induced reduction in infarct size and increased survival of hippocampal neurons after focal or global ischemia, respectively, were accompanied by a reduced expression of IL-1␤-converting enzyme (caspase 1), cyclooxygenase-2, and iNOS mRNA in affected brain regions. Furthermore, a recent report by Chen et al. (20) demonstrated that minocycline treatment delays mortality in the R6͞2 mouse model of Huntington's disease, presumably by inhibiting caspase 1 and caspase 3 expression, as well as iNOS activity. We now report that oral administration of minocycline to mice effectively blocks MPTP-induced degeneration of dopamine neurons in the SNpc, almost completely preventing the loss of striatal dopamine and its metabilites. Minocycline treatment also inhibits MPP ϩ -mediated iNOS expression in vivo and potently blocks NO-induced neurotoxicity in vitro. Thus, indirect and͞or direct inhibition of NO-mediated neurotoxicity may underlie minocycline's neuroprotective properties. Minocycline and chemically related neuroprotective tetracyclines may be effective in preventing and͞or treating Parkinson's disease.
Materials and Methods
Animals and Treatment. Eight-week-old male C57BL͞6 mice (Taconic Farms) were used in all experiments. Mice (5-7 per group) were administered minocycline (60, 90, or 120 mg͞kg per day in 5% sucrose; Sigma) by oral gavage before, during, and after MPTP administration. An untreated control group and MPTP-only group were included. The MPTP-treated groups received four injections of MPTP-HCl (20 mg͞kg, i.p.) in saline at 2-h intervals in a single day (four injections total) as described (7) and killed at 7 days after the last injection.
Tyrosine Hydroxylase (TH) Immunohistochemistry and Stereological
Quantitation of TH-Positive Neurons. After postfixation and cryoprotection in 30% sucrose͞phosphate buffer, the brains were frozen in liquid nitrogen and sectioned serially (40 m) through the entire midbrain. Tissue sections were incubated successively with rabbit polyclonal anti-TH antibody (1:2,500, Calbiochem), goat biotinylated-conjugated polyclonal anti-rabbit antibody (1:250; Vector Laboratories), and horseradish-peroxidase-conjugated avidin͞ biotin complex (Vector Laboratories). Sections were then exposed to diaminobenzidine for detection. To adequately quantify THpositive neurons, we used the nuclear counterstain methyl green (Vector Laboratories) and the stereological method for counting TH-positive neurons as described by Triarhou et al. (21) . Accumbens. After treatment, the striatum and nucleus accumbens were dissected, frozen on dry ice, and stored at Ϫ70°C. HPLC with electrochemical detection was used to simultaneously measure the concentration of dopamine, DOPAC, and HVA in each sample (7, 11, 25) .
Measurement of Minocycline and MPP ؉ Levels in the Midbrain.
Minocycline and MPP ϩ were determined in the brain samples by using liquid chromatography with mass spectral detection, which consisted of a Hewlett-Packard model 1100 liquid chromatograph with a Hewlett-Packard model 1946 mass selective detector. A gradient of increasing acetonitrile concentrations in water containing 0.05% trifluoroacetic acid was used to elute the samples from a Zorbax SB-C18, 4.6 ϫ 75-mm column (Hewlett-Packard). The mass spectrometer was run in positive ion mode, fitted with an electrospray ion source, and tuned to select the molecular weights of 171.1 for MPP ϩ and 459.9 for minocycline.
Neuronal Cell Cultures and Assessment of Neuronal Viability. Cerebellar granule neurons (CGN) were prepared from 8-day-old Sprague-Dawley rat pups (Harlan Breeders, Indianapolis) as described (22) . Primary cultures of rostral mesencephalic neurons (RMN) dissected from embryonic day 15 rat embryos (Harlan Breeders) were prepared as described (23) . Cultures were used 2 days after preparation. Neuron͞glia cocultures were prepared by modification of a method described by McNaught and Jenner (24) . Dopamine neurons in primary cultures were visualized by TH immunohistochemistry (23) and quantified by using a Leitz inverted microscope (ϫ200).
Primary Culture of Astrocyte and Microglia Cells. Briefly, rostral mesencephalic tissue was dissected from embryonic day 15 rat embryos (Harlan Breeders), minced, and incubated in 0.25% trypsin and 0.01% DNase I in PBS for 5 min at 37°C. Cells were resuspended in growth medium then plated in 75-cm 2 flasks coated with poly-D-lysine at a density of 2.0 ϫ 10 7 cells͞flask. Mixed glial cultures were maintained in bicarbonate-buffered DMEM supplemented with 10% FBS, 100 units͞ml penicillin, and 100 g͞ml streptomycin and passaged twice before use.
Western Blot Analysis. Western blot analysis was performed on brain extracts from selected regions and cell cytoplasmic extracts. Extracts were size-fractionated on a 4-12% polyacrylamide gradient gel (SDS͞NuPAGE) and transferred onto nitrocellulose (Hybond N, Amersham Pharmacia). Blots were then probed with polyclonal or monoclonal antibodies, followed by a secondary antibody conjugated with horseradish peroxidase (Santa Cruz Biotechnology) and visualized by using enhanced chemiluminescence.
Results

MPTP-Induced Neurotoxicity of Midbrain Dopamine Neurons Is
Blocked by Minocycline. To investigate the neuroprotective effects of minocycline on MPTP-induced dopamine neuronal death in vivo, we treated C57BL͞6 mice with minocycline (60, 90, and 120 mg͞kg orally) daily for 9 days. On day 3, mice were administered MPTP (4 ϫ 20 mg͞kg, i.p.). Seven days after the last dose of MPTP, the brains were analyzed by immunohistochemistry to quantify THpositive neurons in the SNpc. MPTP treatment reduced the number of TH-positive neurons by Ϸ63% compared with saline-treated controls (P Ͻ 0.001) (Figs. 1 and 2). Mice that received daily treatments of minocycline at either 90 or 120 mg͞kg, and MPTP showed increased viable TH-positive neurons in the SNpc, ranging from 37% of control (no minocycline treatment) to 56% (90 mg͞kg) and 77% (120 mg͞kg) of control after minocycline treatment (P Ͻ 0.01 and P Ͻ 0.001, respectively) ( Fig. 2) . The neuroprotective effect of minocycline was dose-dependent as the 60 mg͞kg dose of minocycline failed to protect dopamine neurons from MPTP toxicity (Figs. 1 and 2). Minocycline alone did not alters the number of TH-positive neurons significantly.
Minocycline Blocks MPTP-Induced Loss of Striatal Dopamine and Its
Metabolites. We next measured striatal levels of dopamine and its metabolites, DOPAC, and HVA by HPLC with electrochemical detection. MPTP treatment reduced striatal dopamine, DOPAC, and HVA levels by 78%, 79%, and 52%, respectively. Minocycline treatment dose-dependently blocked the MPTP-induced decrease in striatal dopamine and dopamine metabolites. Mice that received 90 and 120 mg͞kg of minocycline had striatal dopamine levels that were 39% and 83% of untreated controls, respectively, compared with only 22% in the MPTP (alone)-treated group (P Ͻ 0.01 and P Ͻ 0.001, respectively) (Fig. 2B) . Minocycline pretreatment had a similar ''protective'' effect on striatal DOPAC and HVA levels after MPTP administration (Fig. 2C) . Consistent with the quantitative data on SNpc dopamine neurons measured by TH immunoreactivity, treatment with 60 mg͞kg of minocycline had no significant effect on striatal dopamine or dopamine metabolite levels after MPTP administration. Minocycline pretreatment also blocked the MPTP-induced decrease of dopamine, HVA, and DOPAC in the nucleus accumbens (data not shown).
Minocycline Protects Dopamine Neurons when Administered after
MPTP. We next treated animals with minocycline (120 mg͞kg, orally) 4 h and 24 h after MPTP administration. Interestingly, minocycline treatment significantly protects against MPTPinduced dopamine neurotoxicity even 4 h after the last (or 12 h after the first) dose of MPTP. Mice that received minocycline beginning 4 h after MPTP treatment showed increased viable TH-positive neurons in the SNpc, ranging from 36% of control (no minocycline treatment) to 66% of control after minocycline (120 mg͞kg) treatment (P Ͻ 0.05). Consistent with the quantitative data on SNpc dopamine neurons measured by TH immunoreactivity, minocycline treatment blocked the MPTP-induced decrease in striatal dopamine. Mice that received minocycline (120 mg͞kg) had striatal dopamine levels that were 56% of untreated controls, compared with only 19% in the MPTP (alone)-treated group (P Ͻ 0.01). Minocycline posttreatment also blocked the MPTP-induced decrease of striatal dopamine metabolites (data not shown). Minocycline treatment, however, failed to protect dopamine neurons when administered 24 h after MPTP administration (data not shown).
Minocycline Does Not Alter Monoamine Oxidase (MAO) Activity Nor
Brain MPP ؉ Levels. Inhibitors of MAO-B have been found to prevent MPTP-induced neurotoxicity by blocking MPP ϩ formation in mouse brain (26) . To confirm that the neuroprotective effects of minocycline we observed were not caused by decreased metabolism of MPTP to MPP ϩ , we evaluated minocycline as an inhibitor of soluble rat brain MAO-A and MAO-B in vitro (26) . We measured MAO-A and MAO-B activity in the presence and absence of minocycline and found that minocycline did not inhibit MAO-A at concentrations as high as 317 M and MAO-B at concentrations up to 1 mM. By comparison, the mixed MAO-A and MAO-B inhibitor pargyline inhibited soluble rat brain MAO-A and MAO-B with pI 50 values of 6.27 M and 8.19 M, respectively. Moreover, minocycline treatment had no effect on the concentration of MPP ϩ in the midbrain of MPTP-treated mice quantified by liquid chromatography with mass spectral detection. MPP ϩ levels in midbrain were 4.2 Ϯ 0.8 g͞g in untreated or 4.8 Ϯ 1 g͞g in minocycline (120 mg͞kg)-treated 3 h after MPTP treatment (P ϭ not significant). Furthermore, minocycline did not inhibit [ 3 H]mazindol binding to membranes expressing human dopamine transporters (data not shown). These data suggest that the neuroprotective effect of minocycline is not caused by reduced metabolism of MPTP to MPP ϩ or reduced uptake of MPP ϩ into dopamine neurons.
Minocycline Blocks MPTP-Induced Expression of Midbrain iNOS and
Caspase 1. Because NO synthases and caspase 1 have recently been proposed to mediate (at least in part) MPP ϩ -induced dopamine neuronal death (7) (8) (9) (10) (11) 27 ) and because minocycline has been shown to inhibit ischemia-induced iNOS and caspase 1 expression in brain (18, 19) , we measured both iNOS and caspase 1 in midbrain homogeneates of mice treated with MPTP (Fig. 3) . Three to 24 h after MPTP administration, both iNOS and caspase 1 were upregulated in midbrain homogenates as determined by Western blots. Moreover, the latter was blocked by treatment with minocycline (Fig. 3) . By contrast, neither MPTP or minocycline had any effect on nNOS expression in these same samples (Fig. 3A) .
Minocycline Blocks MPP ؉ -Induced Glial Expression of iNOS and
Caspase 1 in Vitro. To extend these in vivo data, we treated primary cultures of mouse astrocytes and BV2 cells (a mouse microglial (Fig. 3 B and  C) . Pretreatment of cultures with minocycline 2 h before MPP ϩ treatment dose-dependently reduced MPP ϩ -induced iNOS and caspase 1 expression in both astrocytes and microglia (Fig. 3 B  and C) .
Minocycline Blocks NO, but Not MPP ؉ -Induced Neurotoxicity in Both CGN and RMN. We next examined whether minocycline could directly block MPP ϩ -induced toxicity of CGN. CGN represent a relatively homogenous population of neurons that contain Յ5% glia and have been previously shown to be killed by MPP ϩ exposure (28) . CGN were exposed to MPP ϩ (70 M) in the absence and presence of minocycline (10 and 50 M), and cell viability was quantified 24 h later. Minocycline treatment had no effect on MPP ϩ toxicity of CGN (Fig. 4) . Because it has been previously reported that both iNOS and nNOS knockout mice are resistant to MPTP neurotoxicity and that NO is able to potentiate MPP ϩ -induced dopamine neuronal death in vitro (24), we examined whether minocycline could directly block NO-induced neurotoxicity of cultured neurons. Treatment of CGN or RMN with the NO donor sodium nitroprusside (SNP) results in a concentration-dependent cell death (Fig. 4 A and B) . Remarkably, NO-induced neurotoxicity of CGN, was almost completely blocked by minocycline in a concentration-dependent manner (IC 50 Ϸ1 M, Fig. 4C ).
We next examined the NO-induced loss of dopamine (THpositive) neurons in primary mesencephalic cultures (Fig. 4 B and  D) . Again, SNP treatment (10 M) induced a Ն80% loss of dopamine neurons and the latter was blocked (Ն75%) by minocycline (10 M) (P Ͻ 0.01 compared with SNP-treated controls) (Fig.  4D) . In separate experiments we showed that minocycline (at concentrations Յ10 M) had no effect on the generation of NO from SNP under our culture conditions (data not shown). As in CGN, MPP ϩ toxicity of RMN was unaffected by minocycline treatment (Fig. 4 B and D) .
Minocycline Blocks MPP ؉ -Induced Neurotoxicity when Assessed in the
Presence of Glia. To further test our hypothesis that NO is involved in minocycline's protective effect against MPP ϩ -induced neurotoxicity, we treated RMN with both subtoxic concentrations of SNP (5 M) and MPP ϩ (0.1 M) in the absence or presence of minocycline (10 M). At these concentrations, neither toxin alone resulted in dopamine neuron death, whereas together Ϸ40% of dopamine neurons were killed (P Ͻ 0.01), and the latter was completely blocked by minocycline (Fig. 4E) . Finally, to confirm the postulated role of glia in both MPP ϩ neurotoxicity and minocycline-induced neuroprotection, we treated cultures containing both glia and neurons with MPP ϩ and minocycline. As predicted, and in contrast to relatively pure neuronal cultures (Fig. 4B) , minocycline blocks MPP ϩ -induced dopamine neuronal death in mixed neuron͞glia cocultures (Fig. 4F) .
Minocycline Blocks NO-Induced Phosphorylation of p38 MitogenActivated Protein Kinase (MAPK) and an Inhibitor of p38 MAPK Blocks
NO Toxicity of CGN. Because Ghatan and colleagues (29) have recently shown that NO-induced apoptosis of neurons is associated with activation of p38 MAPK and that SB203580 (a p38 MAPK inhibitor) blocks NO neurotoxicity, we examined whether minocycline inhibits NO-induced phosphorylation of p38 MAPK in CGN. Pretreatment of CGN with minocycline completely blocks NOinduced p38 MAPK phosphorylation (Fig. 5 ) without affecting p38 MAPK protein concentration per se. Moreover, as previously reported for cultured cortical neurons (29) , SB203580 blocks NO toxicity of CGN (data not shown).
Discussion
Our data demonstrate that minocycline can effectively protect midbrain dopamine neurons from the toxic effects of MPTP in vivo. Moreover, in contrast to data from iNOS knockout mice (7, 11) minocycline treatment results in a marked ''protective effect'' on the depletion of dopamine and its metabolites in the striatum and nucleus accumbens after MPTP administration. The neuroprotective effect of minocycline is observed after oral administration even though the oral bioavailability and penetration of minocycline into brain is relatively low in the mouse. However, the oral bioavailability of minocycline and other tetracyclines is considerably higher in humans (30) . Both in vivo and in vitro data demonstrate that minocycline treatment inhibits MPTP͞MPP ϩ -induced iNOS and caspase 1 expression in astroglia and microglia. Because we demonstrate a more robust neuroprotective effect on striatal dopamine levels in minocycline-pretreated mice administered MPTP than that observed in iNOS knockout mice administered MPTP (7, 11) , and because minocycline has no effect on nNOS expression (Fig. 3) , we examined whether minocycline could directly inhibit NOmediated neuronal death in vitro. We demonstrate that NOinduced neuronal death can be directly blocked by minocycline, and at relatively low concentrations (IC 50 Ϸ 1 M). Moreover, the latter correlate with the brain levels of minocycline achieved after oral administration (midbrain minocycline levels were 0.32 Ϯ 0.13 g͞g 8 h after treatment with 120 mg͞kg). This finding, coupled with recent reports on reduced MPTP toxicity in both iNOS and nNOS knockout mice (7-11), or after treatment with NOS inhibitors (8) (9) (10) , support an important role for NO in mediating MPTP toxicity. Because minocycline does not directly inhibit MPP ϩ neurotoxicity in vitro in the absence of glia (Fig. 4 A and B) , but does so quite effectively in the presence of glia (Fig. 4 C and D) , we argue that the neurotoxicity of MPTP͞MPP ϩ observed in vivo is mediated (at least in part), indirectly, by NO generated from glial iNOS. We also show that subtoxic concentrations of NO and MPP ϩ can kill CGN when combined and that the latter is blocked by minocycline (Fig. 4C) . It seems quite likely, however, that the dopamine transporter-mediated uptake and concentration of MPP ϩ into dopamine neurons, as well as subsequent inhibition of mitochondrial ATP biosynthesis, renders these neurons particularly vulnerable to NO toxicity (24) . Synergistic toxic effects of NO (SNP) and MPP ϩ were observed in cultured RMN. Thus, we postulate that MPTP neurotoxicity is mediated by both a ''direct'' (ATP depletion) and ''indirect'' (NO-mediated) toxic effect on dopamine neurons. Indeed, our data confirm that minocycline is able to block MPP ϩ -induced dopamine neuronal death in cultures containing both glia and neurons.
Recently, Koistinaho and colleagues (18, 19) have demonstrated neuroprotective effects of minocycline in rodent models of both focal and global ischemia. Infarct size, as well as markers of microglial activation, and the induction of iNOS, cyclooxygenase-2, prostaglandin E2 production, and IL-1␤ expression were significantly reduced even when minocycline treatment was administered 4 h postinsult. In addition, Chen et al. (20) have recently demonstrated a neuroprotective effect of minocycline in the R6͞2 transgenic mouse model of Huntington's disease that was associated with inhibition of caspase 1 and 3. Taken together, these reports further suggest that minocycline exerts its neuroprotective effects by ''indirectly'' inhibiting glial activation and the subsequent release of NO and perhaps cytokines, such as IL-1␤ (18) (19) (20) . Although it is likely that such ''anti-inflammatory'' actions of minocycline undoubtedly contribute to the neuroprotective properties we observe in the MPTP mouse model of Parkinson's disease, our data strongly suggest that minocycline also has a ''direct'' neuroprotective action as well. Very low concentrations of minocycline are effective in blocking NO toxicity in both CGN and RMN in vitro (Fig. 4) .
Although the exact cellular mechanism(s) underlying minocycline's direct neuroprotective activity are unknown, we have also found that minocycline inhibits p38 MAPK phosphorylation͞activity in CGN (Fig. 5) as well as microglia (data not shown). p38 MAPK, which is activated by a number of cellular ''stresses,'' has recently been implicated in neuronal cell death induced by axotomy (31) and excitotoxicity (32) . Moreover, Ghatan and colleagues (29) have shown that p38 MAPK mediates neuronal apoptosis induced by NO, and that p38 MAPK inhibitors block NO toxicity of mouse cortical neurons in vitro. Our data, that minocycline treatment of CGN inhibits p38 MAPK activity and that the p38 MAPK inhibitor SB203580 protects CGN from NO toxicity, suggest that inhibition of p38 MAPK may mediate minocycline's direct neuroprotective effects against MPTP͞MPP ϩ toxicity. Indeed, a very recent report has implicated glial p38 MAPK in the neuroprotective actions of minocycline observed against NMDA toxicity in vitro (33) . However, our data suggest that minocycline does not directly inhibit p38 MAPK activity but rather inhibits enzyme activation indirectly through reducing phosphorylation, presumably by inhibiting an ''upstream'' kinase. Additional work will be required to delineate minocycline's exact cellular target(s).
Our findings support an important role for glial activation and NO production in the MPTP model of Parkinson's disease (8) (9) (10) . Because iNOS expression is up-regulated in the SNpc of Parkinson's patients (12) suggests that a similar mechanism may contribute to the pathogenesis of Parkinson's disease. We caution, however, that MPTP administration, although reliably toxic to dopamine neurons in a variety of species, including humans, may not truly mimic either the etiology or pathophysiology of Parkinson's disease (34) . Nevertheless, we also demonstrate that minocycline has robust neuroprotective activity in the MPTP mouse model of Parkinson's disease and provide evidence that this activity is caused by both indirect and direct actions in blocking NO-mediated neurotoxicity. Chemically modified tetracyclines, like minocycline, may prove effective in preventing and͞or altering the progression of Parkinson's disease. 5 . The effect of NO and minocycline on p38 MAPK phosphorylation in CGN. CGN were exposed to SNP (50 M) in the absence or presence of minocycline (20 M) for the indicated times (see text for details). Cell lysates were immunoblotted with anti-phospho-p38 and anti-p38 antibody (New England Biolabs). Note that the increase in phospho-p38 MAPK observed after NO (SNP) treatment is blocked by minocycline (Upper). No changes in p38 MAPK itself was observed (Lower). Similar results were obtained in three independent experiments. C ϭ control, M ϭ minocycline, p-p38 ϭ phosphorylated p38 MAPK; 3 h and 6 h represent the treatment times of SNP.
